Mutations in the Aristaless-Related Homeobox (ARX) gene cause structural anomalies of the brain, epilepsy, and neurocognitive deficits in children. During forebrain development, Arx is expressed in both pallial and subpallial progenitor cells. We previously demonstrated that elimination of Arx from subpallial-derived cortical interneurons generates an epilepsy phenotype with features overlapping those seen in patients with ARX mutations. In this report, we have selectively removed Arx from pallial progenitor cells that give rise to the cerebral cortical projection neurons. While no discernable seizure activity was recorded, these mice exhibited a peculiar constellation of behaviors. They are less anxious, less social, and more active when compared with their wild-type littermates. The overall cortical thickness was reduced, and the corpus callosum and anterior commissure were hypoplastic, consistent with a perturbation in cortical connectivity. Taken together, these data suggest that some of the structural and behavioral anomalies, common in patients with ARX mutations, are specifically due to alterations in pallial progenitor function. Furthermore, our data demonstrate that some of the neurobehavioral features found in patients with ARX mutations may not be due to on-going seizures, as is often postulated, given that epilepsy was eliminated as a confounding variable in these behavior analyses.
Introduction
Aristaless-Related Homeobox (ARX) gene is one of the more commonly mutated genes causing X-linked intellectual disability (XLID; Lin et al. 2009; Shoubridge et al. 2010) . Over 44 distinct mutations have been found resulting in a spectrum of phenotypes (Shoubridge et al. 2010) . Mutations that lead to a deletion or truncation along with those that reside in the homeodomain cause primarily brain malformation phenotypes, such as X-linked lissencephaly associated with ambiguous genitalia (XLAG), hydranencephaly, and Proud syndrome (agenesis of the corpus callosum, ACC) . Point mutations outside the homeodomain, in nonconserved amino acids of the homeodomain, missense mutations, and poly-alanine track expansion mutations lead to various neurological phenotypes that are mainly characterized by intellectual disability, but frequently also include epilepsy (typically infantile spasms), autism, or dystonia but typically have no structural brain defects (Lafaucheur et al. 1992; Turner et al. 2002) . The only phenotype consistently observed in patients with all ARX mutations is intellectual disability.
Mice with a germline loss of Arx have a thin disorganized cortex, malformed thalamus, major white matter tract defects (corpus callosum and thalamo-cortical), and mislocalization and loss of interneurons in the cortex and striatum (Kitamura et al. 2002) . Unfortunately, these mice die shortly after birth precluding behavioral or electrophysiologic phenotyping. In the developing telencephalon, Arx is expressed in pallial progenitor cells located in the ventricular zone (VZ) and in subpallial sub-VZ (SVZ) cells, which generate interneurons that populate the cortex, striatum, and hippocampus. The selective removal of Arx from interneurons results in what appears to be a structurally normal brain, but similar to the knock-out mouse they have fewer interneurons in the cerebral cortex and hippocampus (Marsh et al. 2009 ). They also manifest a severe epilepsy phenotype with features overlapping those observed in some patients with ARX mutations (Marsh et al. 2009 ). Hence, it appears that perturbation of the developing interneurons is sufficient to produce an epileptic phenotype that recapitulates the seizures found in patients with ARX mutations. Selective removal of Arx from the pallial progenitor cells using an shRNA against Arx at e13.5 causes the progenitors cells to prematurely exit the cell cycle and the VZ, however, because this was just a partial knock down it is unclear what affect this has on later development of the cortex (Friocourt et al. 2008) .
In contrast to mice with a germline loss of Arx (Kitamura et al. 2002) , mice deficient for Arx in cortical interneurons (Arx −/Y Dlx5/6 Cre mice) have a normal cortical thickness, indicating an interneuron-independent function of Arx on cortical thickness (Marsh et al. 2009 ). In addition to the complete and conditional knock-out animals, a series of mice with human mutations knocked in have been generated (Kitamura et al. 2009; Price et al. 2009 ). The knock-in mouse with an altered homeodomain structure had a thinner cortex and was perinatally lethal like the knock-out mouse, whereas the 2 knock-in mutations outside the homeodomain were reported to have a normal cortical thickness recapitulating the genotype-phenotype correlation seen in humans.
To examine the role of Arx in cortical development, we mated Arx F/X mice to Emx1 Cre mice, which selectively delete Arx from the dorsal telencephalon (pallium). These mice have a thin cerebral cortex, similar to the Arx knock-out, and are predominantly missing superficial layer neurons, sparing deeper layer neurons, due to a loss of proliferating intermediate progenitor cells (Colasante et al. 2015) . Since the conditional loss of Arx in interneurons is associated with an epilepsy phenotype similar to that seen in patients with ARX mutations (Marsh et al. 2009 ), we next sought to determine which characteristics of the human ARX patient phenotype might be explained by loss of Arx from pallial progenitor cells. Our behavioral and anatomic analysis of the Arx −/Y Emx1 Cre mice indicates that ARX plays an essential role in the projection neuron precursors as they relate to behavioral and structural deficits, but apparently not to the epilepsy phenotype.
Materials and Methods

Mice
Arx conditional mutant mice (Arx F/X ) (Fulp et al. 2008) were maintained on a C57Bl/6 background. To inactivate Arx in the dorsal telencephalon specifically during development, Arx F/X heterozygous female mice were crossed with homozygous male Emx1
Cre/Cre animals also on a C57Bl/6 background (Jax Mouse Strain 005628). Genotyping to distinguish wild-type, floxed, and cre-positive alleles was performed as described (Jin et al. 2000; Fulp et al. 2008 ). Mice were maintained at the Children's Hospital of Philadelphia animal facility on a 12 : 12 h light-dark cycle (lights on 0600-1800 h) and ad libitum Lab Diet mouse food 5LG4. All experiments were approved by the Institutional Animal Care and Use Committee of the Children's Hospital of Philadelphia.
EEG Recordings and Analysis
All electrophysiologic studies were conducted as previously described (Marsh et al. 2009) . Adult animals at least 3 month olds were used for all EEG recordings. Briefly, under isoflurane anesthesia, 4 electrodes were stereotaxically implanted (3 cortical-left and right frontal, right parietal, and a hippocampal depth) using the coordinates in our previous publication (Marsh et al. 2009 ). The animals recovered in their home cage for 48 h prior to recordings and then were transferred to the recording cage and recorded with a Triangle Biosystems preamplifer and a Stellate EEG recording system (Natus Technologies) for 48-96 h.
The EEG and video were reviewed manually for the presence of seizures. Background EEG was quantified as previously published (Marsh et al. 2009 ). Briefly, ten 10-s segments of awake and asleep EEG were randomly selected, but checked for artifact and behavioral state. The awake state was defined as the period when the mouse was moving with hippocampal theta present. In contrast, when the animal was still, head down, and delta dominated the EEG, it was considered asleep. A Fast Fourier Transform (FFT) was calculated for each segment (MATLAB 2010b, Mathworks, Inc., Natick, MA, USA), and the resultant spectrums were quantified by calculating the power in selected bandwidths (Delta 0.1-3.5 Hz, Theta 3.5-8.5 Hz, Alpha 8.5-13 Hz, Beta 13-25 Hz, and Gamma 25-100 Hz) and dividing by total FFT power. The percent power in each bin was averaged across genotype and compared using a Student's t-test in Excel (version 12.2.7, Mircosoft). To correct for the 10 comparisons, a difference was considered significant if the P-value was <0.005 (the Bonferroni correction). Eight mutant mice and 6 wild-type mice were recorded for 3 days each, but only 4 wild-type and 4 mutant mice were analyzed using the FFT.
Behavioral Studies
Behavioral testing was conducted during the light phase between 1000 and 1800 h, starting at 8 weeks of age and each individual paradigm was separated by at least 2 days. Mice were handled for 5 min each day for 3 days prior to the beginning of testing. Six cohorts of mice were used for behavior testing. Each cohort consisted of at least 2 different litters of mice. See Supplementary Table 1 for a list of the tasks, each cohort of mice performed. The numbers of mice tested for each task are listed below. Only male mice were tested and all cohorts were a mix of mutant mice (Arx
Cre/Cre
) and wild-type littermates
Cre/Cre ). Cleaning wipes (PDI Sani-Cloth Plus germicidal disposable cloth) were used to clean equipment between mice. With the exception of grip strength and rota-rod, all paradigms were video-recorded and automatically scored using the ANY-maze software (Stoelting Co., Wood Dale, IL, USA).
Grip Strength
The grip strength of the mice was tested using a grip strength meter (080312-3 Columbus Instruments, Columbus, OH, USA). Each mouse was tested in 6 consecutive trials; the first 3 were for forelimbs, and then 3 more for hindlimbs. The value from each trial was recorded, and the forelimb and hindlimb trials were each averaged and taken as the result for that mouse (Golub and Germann 2001; Fowler et al. 2002; Munn et al. 2011) . The results for all mutant mice and their wildtype littermates were compared using a two-tailed unpaired Student's t-test in Excel; WT = 13 and Mut = 14.
Rota-Rod
Mice were tested on a rota-rod from Ugo Basile (Model 47600, Comerio, Italy). The mice were tested in groups, 6 at a time for 5 min trials with 5 trials per day for 4 days. The rota-rod was used in acceleration mode, accelerating every 6 s up to 60 rpm. The latency until falling for each mouse was recorded. Between trials the mice were placed back into their home cages (Miwa and Walz 2012; Heyser et al. 2013) . Each day, the trials were averaged and the genotypes were compared across 4 days using a repeated-measure ANOVA in Prism (version 5.0, GraphPad, San Diego, CA, USA); WT = 13 and Mut = 14.
Home Cage Activity Mice were placed in plastic EEG recording boxes (Marsh et al. 2009 ) with their normal bedding and food and were allowed to acclimate for 2 days before being video-recorded for 3 days. The video was analyzed using an in-house program written in MATLAB that detects movement by subtracting pixels between each video. The pixel counts were averaged over the 3 days of recordings for each genotype. The genotypes were compared using a Student's t-test in Excel; WT = 8 and Mut = 8.
Open Field
A 53 × 53 cm plastic box with 22-cm high walls and no top was used in a well-lit room (450 lumens/m 2 ). The mice were placed in the center of the box and allowed to roam freely in the box for 15 min. The mice were video-recorded and scored using the ANY-maze software. ANY-maze scored a mouse to be in the periphery if it was within 13 cm of the wall of the box. Otherwise they were considered to be in the center of the box (Buschert et al. 2013; Han et al. 2013) . The ratio of time in the center to time in the periphery was calculated and averaged. The distance traveled during the test and the number of crossings between the center of the box and the periphery were also calculated and averaged using the ANY-maze software. Genotypes were compared using a two-tailed unpaired Student's t-test in Microsoft Excel, version 12.2.7; WT = 20 and Mut = 21.
Light/Dark Box A 55 × 28 cm plastic box with 22-cm tall walls and divided in half was used. Both sides of the box were accessible by a 7.5 × 7.5 cm door in the middle. One half of the box was clear with no top and the other half was black plastic with a covered top. The mice were placed in the box on the light side and allowed to roam freely for 15 min. The tests were video-recorded and scored using the ANY-maze software (Bale et al. 2000; Bourin and Hascoet 2003) . The ratio of time in the light side of the box to time in the dark side was calculated and averaged for each genotype and compared using a two-tailed unpaired Student's t-test in Excel. The linear distance the animal traveled during the test and the number of crossings between the two sides was also calculated and analyzed the same way; WT = 17 and Mut = 14.
Marble Burying
A clear plastic cage, 32 × 43 cm, with 19 cm high walls was filled with 5 cm deep corncob bedding evenly covering the bottom. Twenty-four marbles, spaced 6 cm apart, were placed evenly on top of the bedding. The mice were placed in the box and allowed to roam freely and bury marbles for 30 min. After 30 min, the number of marbles buried at least two-thirds of the marble's depth with bedding was recorded (Deacon 2006; Krass et al. 2010; Chioca et al. 2013) . The tests were video-recorded and scored for distance traveled using the ANY-maze software. The number of marbles buried, and the distance traveled was calculated and averaged for each genotype and compared using a twotailed unpaired Student's t-test in Excel; WT = 8 and Mut = 8.
Morris Water Maze
The Morris water maze consists of a 128-cm diameter round plastic tub filled with 21°C water to within 15 cm of the top of the tub and a 0.5-cm above a square clear plastic platform. A liter of white tempera paint was mixed into the water until it was opaque enough that the edge of the platform could not be seen from the side. Spatial cues were placed around the tub and were not moved for the duration of the experiments. The mice were tested using 4 trials per day for 5 days. The mice were placed in the tank in a different location for each trial and the order of locations was changed each day (Vorhees and Williams 2006;  Table 1 ). In each trial, mice were allowed to swim for up to 60 s before being led to the platform. Once on the platform, the mice were allowed 10 s of observation time. The latency to find the platform (up to 60 s) for each trial was recorded and averaged for each day. The genotypes were compared using a repeated-measures ANOVA in Prism. On the sixth day, a probe trial was performed to test the memory of the location of the platform. In this trial, the platform was removed and the mice swam around the tub, searching for the missing platform for 60 s. The time spent in the quadrant of the tub where the platform had been and in the opposite quadrant was recorded and compared using an unpaired Student's t-test. A reversal test was then performed for 5 days following the probe trial. During this test, the platform was placed on the opposite side of the tub and the mice were retrained, with the same protocol of 4 trials a day for 5 days. A reversal probe trial was performed on the sixth day in the same fashion as the first probe trial (Harris et al. 2013) . The same statistical analysis was performed for the reversal trials as for the learning test; WT = 20 and Mut = 21.
Contextual Fear Conditioning
Each mouse was placed in a modular test chamber (Model ENV-307W, Med Associates, Inc., Georgia, VT, USA) and allowed to explore the box for 2 h and 30 min before a 2-s foot shock of 1.12 mA was given with a SA shock scrambler (ENV-4145), a digital timer (SG-592), and a 1-Amp power supply (SG-501, Med Associates, Inc., Georgia, VT, USA). The mouse was then left in the box for another 28 s before being removed to its home cage. Twenty-four hours later, the mouse was placed in the same modular test chamber and was video-recorded for 5 min using the ANY-Maze software, which quantified time spent not moving (freezing) (Wood et al. 2005; Cole et al. 2010) . The amount of time spent freezing was compared across genotypes using an unpaired Student's t-test; WT = 17 and Mut = 14.
Social Choice Test
A social choice apparatus was constructed from the description by Sankoorikal et al. (2006) . The bottom of the chamber was covered with bedding and that bedding was changed for each mouse tested. The protocol used to test the mice was the same as the one used in Fairless et al. (2008) . Briefly, the mice were first acclimated to the chamber for 10 min. Then, a novel object was added to one tube and a gonadectomized male mouse to the other tube, and the behavior of the test mouse was recorded for 5 min. The tubes were then removed and the behavior of the test mouse while interacting with the gonadectomized mouse was observed for another 5 min, unless the mouse was aggressive in which case both mice were removed immediately. The test mouse was then returned to its home cage. A single novel object was used for all tests and was cleaned, along with the apparatus before each test. Each gonadectomized male was used only once per day. The side of the chamber that had the mouse or the object was alternated between tests ). The tests were video-recorded and scored using the ANY-maze software. The time spent in the social section, the center, and the nonsocial section was compared using a two-way ANOVA in Prism. The ratio of the amount of time spent within 3 cm of the tube with the mouse (sniffing social tube) versus the time spent within 3 cm of the tube with the object (sniffing object tube) was calculated and averaged for each genotype and compared using a Student's t-test in Excel. The number of entries to either the social section of the box (mouse) or the nonsocial section of the box (object) was also calculated and compared across genotypes; WT = 15 and Mut = 18.
Buried Food Test of Olfaction
For 2 days prior to the test each mouse was given a Froot Loop (Kellogg's ® Froot Loops ® Cereal) in its cage, and the next day the cage was checked to make sure they ate the Froot Loop. Mice were then deprived of food for 24 h. The next day a Froot Loop was buried in 1.5 cm deep bedding in a clean normal mouse cage with nothing else but the top of the cage. A mouse was placed in the cage and the time to dig up the piece of food documented, up to 10 min Yang and Crawley 2009 ). The average time for each genotype was compared using an unpaired Student's t-test; WT = 8 and Mut = 8.
In Situ Hybridization P21 and P30 mice were perfused transcardially with phosphate-buffered saline (PBS) followed by 4% paraformaldehyde (PFA). The brains were removed and post-fixed in 4% PFA overnight at 4°C. Fixed brains were cryoprotected in 30% sucrose and coronally sectioned at 10 µm. All slides were baked at 65°C for 20 min, post-fixed in 4% PFA for 10 min, washed in PBS with 0.1% Tween-20 (PBT). The slides were then acetylated for 10 min in 0.1 M TEA (1.86% triethanolamine, 0.4% 10 N NaOH, 0.5% acetic anhydride, and water) and washed in PBT. The glutamate decarboxylase 67 (GAD67) probe (courtesy of Dr N. Tillakaratne; Erlander et al. 1991 ) was added at 1 : 1000 in prewarmed hybe solution [50% formamide, 5× saline-sodium citrate (SSC), 2% blocking reagent (Roche, Mannheim, Germany; 11096176001), 0.1% Triton, dimethylammonio]-1-propanesulfonate), 1 mg/mL tRNA from yeast, 5 mM EDTA, and 50 µg/mL heparin] and incubated overnight at 65°C. Slides were washed with 5× SSC, then incubated with 1× SSC/50% formamide 30 min at 65°C, then TNE (10 mM Tris pH 7.5, 500 nM NaCl, 1 mM EDTA, and water) for 10 min at 37°C, then RNaseA for 30 min at 37°C and washed with TNE and then at 65°C with 2× SSC and 0.2× SSC for 20 min, each. Then, the slides were incubated in MABT pH 7.5 (100 mM maleic acid, 150 mM NaCl, 0.1% Tween-20, and water) and blocked in MABT with 2% blocking reagent (Roche) and 20% goat serum for 1 h at room temperature. Slides were incubated overnight at 4°C in MABT with 2% blocking reagent and 5% goat serum and anti-DIG antibody 1 : 2500 (Roche, 11093274910). The slides were then washed with MABT and NTM (100mM Tris pH 9.5, 100mM NaCl, 50mM MgCl2, and water). The slides were then incubated with 1 mL of BM Purple (Roche, 11442074001) in the dark, overnight at room temperature. The slides were then washed with NTM and PBS, fixed in PFA, dehydrated to 100% ethanol, and mounted with Permount (SP15-500, Fisher Scientific).
Immunohistochemistry P21 mouse brains were processed as described in the In Situ section above. The brains were cryoprotected in 30% sucrose and cryosectioned coronally at 10 or 16 µm. All slides were baked at 37°C for 30 min. Two antibodies, somatostatin (SST; Rabbit 3387-1, Epitomics, Burlingame, CA, USA; 1 : 50) and parvalbumin (Parv; Mouse MAB1572, Millipore, Billerica, CA, USA; 1 : 100), were used to assess for changes in interneuron subtypes. For the Sst antibody, antigen retrieval was performed in citric acid-based antigen unmasking solution (H-3300, Vector Laboratories, Burlingame, CA, USA) autoclaved at 105°C for 20 min. For the Parv antibody, the MOM blocking reagent (FMK-2201, Vector Laboratories) was used for 30 min followed by blocking for 30 min with 10% normal goat serum (Sigma) in TBST (TBS with 0.5% triton) all at room temperature. After antigen retrieval, SST sections were blocked for 30 min at room temperature with 0.5% normal goat serum (Sigma) in TBST. Anti-Parv primary was diluted in 1% normal goat serum in TBST, and Anti-Sst was diluted in 0.5% normal goat serum in TBST and incubated on slides overnight at 4°C. The secondary antibodies used were a biotinylated goat anti-mouse (BA-9200, Vector Laboratories, 1 : 300) and biotinylated goat antirabbit (BA-1000, Vector Laboratories, 1 : 300), diluted in TBST, and placed on slides for 30 min at room temperature. The biotinylated secondary antibodies were subsequently incubated with ABC kit mix (PK-6100, Vector Laboratories) in PBS for 30 min and then ImmPACT DAB for 2 min (SK-4105, Vector Laboratories). Slides were counterstained with hematoxylin, dehydrated, and mounted with Permount. Stained sections were viewed on a Leica DM6000B equipped with a Leica DFC360FX digital camera. 10× images were taken of the entire cortex for each section and then stitched together using Fiji version ImageJ 1.45b.
Nissl Staining
Cresyl Violet acetate (C5042, Sigma-Aldrich) (0.1 g) was mixed with 100 mL of distilled water. To each 10 mL of Cresyl Violet acetate solution, 50 μL of 15% glacial acetic acid was added and the solution was filtered to make Nissl stain. Cryosections were covered in Nissl stain for 10 min and then washed 2 times with distilled water. The sections were destained by dipping them once in acid alcohol (50% ethanol/ 50% distilled water with 0.1% HCl). Slides were mounted with Flouromount-G (0100-01, SouthernBiotech) and imaged the same as the immunohistochemistry sections.
Cell Counting
For the GAD67 counts, an 1-mm area of the cortex from the pial surface to the white matter directly above the hippocampus (2 mm posterior to bregma) and 2 mm from the medial edge of the cortex was counted. For the basolateral amygdala counts, all the Nissl-stained neurons in the basolateral amygdala (2.1 mm posterior to bregma) were counted. Cell counts were averaged for each genotype and compared using an unpaired Student's t-test.
Magnetic Resonance Imaging
Adult mice brains were processed as described above and then postfixed in 4% PFA for 2 weeks. Prior to MRI, the samples were transferred to a PBS 1× solution containing 0.2 mM Gd-DTPA (gadopentetic acid) (J140 Omniscan GE Healthcare). At the time of scanning, the samples were removed from the PBS/Gd-DTPA solution, rinsed with pure PBS, and introduced in a short 11-mm glass tube containing Fomblin (317993 Sigma-Aldrich) to provide a susceptibility match and a black background for the images. Bubbles were carefully removed by tapping gently on the tube. An inverted Pasteur pipette was inserted on top of the brain to maintain the tissue immersed in the Fomblin. MRI was performed at 9.4 T in a vertical bore magnet (Avance III Bruker Biospin, Inc.) using the micro 2.5 self-shielded gradients (2.5 G/cm/A) and a 15-mm RF coil. The image acquisition and reconstruction was performed with the Paravision software 5.1 (Bruker Biospin, Inc.). The temperature of the sample was maintained at 37°C. Diffusion tensor images and T 2 -weighted 3D images of the brain tissue were obtained sequentially with the DTIEpi 30 directions and the 3D turboRARE Bruker protocols, respectively. The following conditions were used: for the DTI, field of view (FOV) . The duration of the acquisition was 12 h 26 min. For the 3D rare, the parameters were FOV 19.2 × 12.8 × 9.6 mm, SI 256 × 176 × 128, giving a resolution of 75 m 3 , 5 NEX, TR 1500 ms, Te 13 ms, echo train 8, which results in an average echo time of 39 ms and a 5-h long experiment. To analyze the T 2 -weight images for volume data on specific brain regions we used a registration-based segmentation method to extract various structures in T 2 -weight MR images of mouse brains. A mouse brain atlas with accompanying labels of structures of interest was registered to the target image. We adapted the mouse atlas from Johns Hopkins University, which is available to the public (http://cmrm.med.jhmi.edu/). Registration was aligned followed by nonrigid diffeomorphic warping using Advanced Normalization Tools (ANTs), which is an open-source software freely available online. The labels were also transformed to the target space by the same warping and thus completed the segmentation. (Colasante et al. 2015) . Arx expression was preserved in the developing ventral telencephalon and in the interneurons migrating from the ganglionic eminence to the cortex (Colasante et al. 2015) . Several studies have found that changes in the development of cortical excitatory neurons can affect interneuron migration into the cortex (Sessa et al. 2010; Lodato et al. 2011) . Therefore, to confirm that cortical interneurons were not adversely affected by the loss of upper layer neurons we first assessed the total number of interneurons using a GAD67 in situ hybridization probe on sections from brains of P21 Arx −/Y Emx1 Cre (mutant) mice and their wild-type littermates (Arx X/Y Emx1 Cre ). Similar numbers of interneurons were found in the mutant brains when compared with wild-type brains (Fig. 1A,B ; WT = 137.3 ± 5.84 and Mut = 124 ± 2.65; n = 3 for each; P = 0.1359).
Results
Arx
We next sought to exclude the possibility that while the total number of interneurons was unchanged, subtypes of interneurons were disproportionately represented (Azim et al. 2009 ). Labeling for 2 interneuron subtypes, Parv and SST, which together mark 50-70% of all cortical interneurons (Xu et al. 2010; Rudy et al. 2011) , revealed both types to be similarly represented (Fig. 1A : Parv WT = 50 ± 5 and Mut = 53 ± 2; n = 3 for each; P = 0.6575; SST WT = 37 ± 7.23 and Mut = 29 ± 2.89; n = 3 for each; P = 0.3897). Thus, both the total number and representative subtypes of interneurons were unaltered by the loss of Arx from the dorsal telencephalon. Cre ) results in a severe seizure phenotype (Marsh et al. 2009 ). Furthermore, mice with a poly-alanine track expansion mutation or with a point mutation in the homeobox also have seizures (Kitamura et al. 2009; Price et al. 2009 ). To determine if the loss of Arx from the cortical projection neuron progenitor pools (Arx −/Y Emx1 Cre mice) is also associated with seizures, video-EEGs were recorded for up to 96 h following our previously published protocol (Marsh et al. 2009 ). Review of up to 96 h of EEG and video recordings from 8 mutant mice and 6 control animals revealed no seizures in the either the mutant or control mice. However, there were differences that were observed in the EEG (Fig. 1C) . Qualitatively, the EEG appeared to be slower in the Arx −/Y Emx1 Cre mice than the wild-type mice (Fig. 1C) . To confirm our visual interpretation, we performed FFTs on randomly selected awake and sleep EEG segments in the cortex from 6 control and 4 mutant mice. An increase in Delta (Awake: WT = 23.50 ± 4.34 and Mut = 29.69 ± 4.85, P = 0.0036; Sleep: WT = 22.19 ± 3.84 and Mut = 31.77 ± 3.84, P = 2.3 × 10 −8
) and a decrease in Alpha or Beta (AwakeAlpha: WT = 9.28 ± 0.77 and Mut = 11.06 ± 1.53, P = 0.0017; Sleep-Beta: WT = 16.88 ± 1.00 and Mut = 14.20 ± 1.24, P = 9.2 × 10 −7
) and Gamma (Awake: WT = 32.08 ± 3.92 and Mut = 24.83 ± 2.89, P = 9.1 × 10 −6 ; Sleep: WT = 30.96 ± 3.11 and Mut = 24.16 ± 2.46, P = 4.7 × 10 −6 ; WT n = 6 and Mut n = 4) power were present during both sleep and awake states (Fig. 1D) .
Similarly, results were seen in the FFTs for the hippocampal recordings ( Supplementary Fig. 1A,B) . Interestingly, this change in EEG frequency content is the opposite from the Arx −/Y Dlx5/6 Cre mice, which had an increase in faster (Beta and Gamma) activity (Marsh et al. 2009 ).
−/Y Emx1 Cre Mutant Mice Have Normal Spatial Learning and Memory An invariant feature among males with an ARX mutation is a severe intellectual disability (Shoubridge et al. 2010) . Normal learning and memory in mice are often used as a corollary of normal intellectual ability in people. To investigate whether the Arx −/Y Emx1 Cre mice had normal learning and memory, we performed several tests. Prior to performing these tasks, physical strength and coordination defects were evaluated and excluded. Grip strength and rota-rod testing revealed no differences between the Arx −/Y Emx1 Cre mice and their wildtype littermates (Supplementary Fig. 2A ,B; grip strength: forelimb: WT = 0.042 ± 0.0033, n = 13 and Mut = 0.052 ± 0.0053, n = 12; P = 0.1030; hindlimb: WT = 0.079 ± 0.0055, n = 13 and Mut = 0.082 ± 0.0044, n = 12; P = 0.3447; rota-rod: WT n = 13 and Mut n = 12; P = 0.0801). Thus, no motor deficits were uncovered, suggesting that the mutant mice should have normal physical capabilities.
Once a motor abnormality was excluded, the Morris water maze test was performed to assess spatial learning and memory. The mice were first trained with spatial cues around the tank and the platform hidden. There was no difference in learning the task as both mutant mice and wild-type littermates located the platform in similar times each day of training ( Fig. 2A; WT n = 20 and Mut n = 21; P = 0.0669). Next, memory for the platform location was probed by recording the time spent in the original quadrant of the platform after the platform was removed (Fig. 2B ). In addition, there was no difference found between the mutant and wild-type mice (Fig. 2B : time in platform quadrant: WT = 22.8 ± 1.47 s and Mut = 25.6 ± 1.97 s; P = 0.271; time in opposite quadrant: WT = 9.61 ± 1.07 s, n = 20 and Mut = 7.7 ± 1.28 s, n = 21; P = 0.256). Finally, reversal learning and memory testing, which is a more sensitive indicator to changes in cortical function, were tested by relocating the platform to the opposite side of the tank. No differences were noted in this measure of cortically mediated learning ( Fig. 2C ; WT n = 20 and Mut n = 21; ; WT n = 6 and Mut n = 4). P = 0.1545) or memory ( Fig. 2D : time in platform quadrant: WT = 19.5 ± 0.87 s and Mut = 19.9 ± 1.33 s; P = 0.762; time in opposite quadrant: WT = 11.7 ± 0.85 s, n = 20 and Mut = 11.7 ± 1.02 s, n = 21; P = 0.997). Thus, by the highly standardized and accepted Morris water maze paradigm, the Arx −/Y Emx1 Cre mice exhibit normal spatial learning, memory, and reversal learning.
−/Y Emx1 Cre Mutant Mice Have Normal Fear Memory, But Are Hyperactive In some mutant mouse strains, hippocampal-based spatial learning and memory can be normal despite alterations in other forms of learning such as fear-conditioning learning because the hippocampus is not as involved in this type of learning (Angelo et al. 2003; d'Isa et al. 2011; Albarran-Zeckler et al. 2012) . To test whether the Arx −/Y Emx1 Cre mutant mice had a learning and memory deficit independent of spatial learning, we tested the animals in a conditioned fear-learning task. The mutant mice spent significantly less time freezing than their wild-type littermates did both during the training session and during the testing session (Fig. 2E: percentage of time spent freezing training: WT = 10.5 ± 1.06, n = 17 and Mut = 5.57 ± 0.82, n = 14; P = 0.00099; percentage of time spent freezing testing: WT = 52.1 ± 3.65, n = 17 and Mut = 34.4 ± 4.99, n = 14; P = 0.0086). This suggests that the mutant mice are hyperactive; a finding confirmed by the longer distances traveled by the mutant mice than their wild-type littermates during the testing session ( Supplementary Fig. 4A : distance traveled: WT = 2.43 ± 0.42 m, n = 17 and Mut = 4.00 ± 0.49 m, n = 14; P = 0.0217). The ratio of the percentage of time spent freezing during the training session versus the testing session indicated that the mutant mice learn the contextual fear conditioning just as well as their wild-type littermates ( Supplementary Fig. 4B : ratio of percentage of time spent freezing training/testing: WT = 5.36 ± 0.43, n = 17 and Mut = 6.80 ± 1.31, n = 14; P = 0.3097).
−/Y Emx1 Cre Mutant Mice Are Less Anxious, More Exploratory, and More Active Than Wild-Type Mice Surprisingly, no learning deficit was uncovered but there was a suggestion of a more active state; therefore, we further examined the mutants exploratory and anxiety behaviors. To evaluate the anxiety level of the Arx −/Y Emx1 Cre mutant, mice open field and light/dark box tests were used. For the open field test, mice with a higher ratio of the time spent in the center to time spent in the periphery of the chamber are considered to have a low anxiety-like or anxiolytic phenotype. Mutant mice appeared anxiolytic as they spent significantly more time in the center of the box compared with their wild-type littermates (Fig. 3A : WT = 0.170 ± 0.019, n = 20 and Mut = 0.229 ± 0.020, n = 21; P = 0.0405). For the light/dark box, testing the ratio of time spent on the light side of the box compared with that on the dark side of the box was used as a measure of anxiety. In addition, the mutant mice spent significantly more time on the light side when compared with their wild-type littermates, suggesting a reduced anxiety-like phenotype (Fig. 3C : WT = 0.891 ± 0.118, n = 17 and Mut = 1.61 ± 0.202, n = 14; P = 0.00204).
Both the open field and light/dark box tests can also be used to quantify the activity level of mutant mice. In both, the mutant mice traveled further than their wild-type littermates indicating a higher activity level in the mutant mice (Fig. 3B,D: open field: WT = 65.9 ± 3.02 m, n = 20 and Mut = 77.6 ± 3.79 m, n = 21; P = 0.0201; light/dark box: WT = 12.2 ± 0.867 m, n = 17 and Mut = 20.2 ± 1.13 m, n = 14; P = 0.000007). Similarly, the mutant mice more frequently crossed between the light and dark side of the box and between the center and the periphery of the open field, which also indicates higher activity ( Supplementary Fig. 3A ,B: .9 ± 1.33 s; P = 0.762; time in opposite quadrant: WT = 11.7 ± 0.85 s, n = 20 and Mut = 11.7 ± 1.02 s, n = 21; P = 0.997). (E) Contextual fear conditioning was used to evaluate fear learning in wild-type and mutant mice. During a 3-min training period, the mice were given a foot shock and the amount of time spent freezing was recorded. Twenty-four hours later, the mice were re-exposed to the context where they were given the foot shock and the amount of time they spent freezing over a 5-min period was recorded. Mutant mice spent significantly less time freezing when compared with their wild-type littermates both in the training period and during testing, so therefore they did learn this task (percentage of time spent freezing training: WT = 10.5 ± 1.06, n = 17 and Mut = 5.57 ± 0.82, n = 14; P = 0.00099; percentage of time spent freezing testing: WT = 52.1 ± 3.65, n = 17 and Mut = 34.4 ± 4.99, n = 14; P = 0.0086). Error bars are SE.
open field: WT = 117 ± 6, n = 20 and Mut = 158 ± 8, n = 21; P = 0.0000863; light/dark box: WT = 28 ± 1, n = 17 and Mut = 40 ± 4, n = 14; P = 0.00143). However, the mutant mice displayed normal activity levels in home cage recordings, so they appear to be more active only in novel environments ( Supplementary  Fig. 2C : WT = 13.75 ± 1.73 Δ pixels/frame, n = 8 and Mut = 12.59 ± 1.84 Δ pixels/frame, n = 8; P = 0.5191).
Since our data suggests that the Arx −/Y Emx1 Cre mice are both less anxious and more active in both the open field and the light/dark box tests, we wanted to determine whether the increased activity was confounding our anxiety test results. Therefore, we performed a marble burying test, another anxiety test, but one in which less activity constitutes lower anxiety (Thomas et al. 2009 ). We found that the mutant mice buried significantly fewer marbles than the wild-type animals ( Fig. 3E : WT = 6.13 ± 1.25, n = 8 and Mut = 0 ± 0, n = 8; P = 0.00759), yet they were still hyperactive based on distance traveled in the novel cage (Fig. 3F : WT = 85.34 ± 2.10 m, n = 8 and Mut = 93.42 ± 5.94 m, n = 8; P = 0.2322), similar to the open field and light dark box. This indicates that although still hyperactive in a novel environment, they were less anxious than their wild-type littermates. Taken together, the data suggest that the anxiety and hyperactivity phenotypes are separable and the Arx −/Y Emx1 Cre mice are both less anxious and hyperactive when compared with their wild-type littermates.
One of the core symptoms of autism is abnormal social interactions (Crawley 2007; Silverman et al. 2010) . To test for the mice for "social" deficits, we performed the social choice task (Crawley 2007; Silverman et al. 2010 ). In the social choice task, the test mouse is given a choice between a novel object and novel mouse. As mice are normally social animals, they should typically spend more time exploring a novel mouse than a novel object. Therefore, we compared the time spent in the area of the novel mouse (social), the time spent in the center, and the time in the section with the novel object (nonsocial) (Sankoorikal et al. 2006; Fairless et al. 2008) . The Arx
−/Y
Emx1
Cre mutant mice appear to have a socialization deficit as they spent significantly less time in the social section of the box ( Fig. 4A ; time spent in social section: WT = 142.07 ± 8.54 s, n = 15 and Mut = 111.37 ± 4.28 s, n = 18; P < 0.001). In addition, the mutant mice entered the social section of the box significantly fewer times when compared with the wild-type mice ( Fig. 4B ; WT = 2.97 ± 0.50, n = 15 and Mut = 1.44 ± 0.14, n = 18; P = 0.00952). Similarly, mutant mice spent significantly less time sniffing around the novel mouse versus the novel object than their wild-type littermates did ( Fig. 4B ; WT = 4.53 ± 0.80, n = 15 and Mut = 2.15 ± 0.18, n = 18; P = 0.01379).
Since the Arx −/Y Emx1 Cre mutant mice have smaller olfactory bulbs (Colasante et al. 2015) , the olfactory ability of the mice was tested using the buried food test in order to rule out the possibility that reduced olfactory ability was confounding the social choice test. Both the mutant mice and their wild-type littermates found the buried Froot Loop in similar amounts of time, showing that the mutants have normal olfactory skills ( Fig. 4C ; WT = 143.38 ± 34.86 s and Mut = 242.13 ± 79.60 s, n = 8 for each; P = 0.2834); in addition, the Arx −/Y Emx1
Cre mutant mice were able to breed and gain weight normally suggesting they have normal olfactory abilities (data not shown).
Cre Mutant Mice Have Smaller Cerebral Cortices, Amygdalas, and White Matter Tracts In addition to the neurocognitive and behavioral deficits, patients with various ARX mutations exhibit, and structural defects In the open field test, the ratio of time spent in the center to time spent in the outside area of the box was used as a measure of anxiety. The mutant mice spent more time in the center of the box than their wild-type littermates, indicating they are less anxious (WT = 0.170 ± 0.019, n = 20 and Mut = 0.229 ± 0.020, n = 21; P = 0.0405). (B) The linear distance traveled by the mice during their 15-min testing period was calculated as a measure of their activity level. The mutant mice traveled further than their wild-type littermates during the open field test, indicating that they are hyperactive (WT = 65.9 ± 3.02 m, n = 20 and Mut = 77.6 ± 3.79 m, n = 21; P = 0.0201). (C) For the light/dark box assay, the ratio of time spent in the light side of the box to time spent in the dark side of the box was used as a measure of anxiety. The mutant mice spent more time in the light side of the box than their wild-type littermates, indicating that they are less anxious (WT = 0.891 ± 0.118, n = 20 and Mut = 1.61 ± 0.202, n = 21; P = 0.00204). (D) The linear distance traveled by the mice during their 10-min testing period was calculated as a measure of their activity level. The mutant mice traveled further than their wild-type littermates during the light/ dark box test, again indicating that they are hyperactive (WT = 12.2 ± 0.867 m, n = 20 and Mut = 20.2 ± 1.13 m, n = 21; P = 0.000007). (E) The number of marbles buried in the Marble Burying assay was used as a measure of anxiety with increased burying meaning increased anxiety (WT = 6.13 ± 1.25, n = 8 and Mut = 0 ± 0, n = 8; P = 0.00759). (F) The amount of distance traveled by the mice during the 30-min testing period was used as a measure of activity level (WT = 85.34 ± 2.10 m, n = 8 and Mut = 93.42 ± 5.94 m, n = 8; P = 0.2322). Error bars are SE. such as lissencephaly, ACC, and microcephaly are present in many patients (Suri 2005; Friocourt et al. 2006; Gecz et al. 2006) . In an effort to begin linking the structural defects with the neurocognitive deficits, we examined regional size variation and connectivity. Using structural MRI in fixed Arx −/Y Emx1
Cre and wild-type mouse brains, the volume of various brain structures was calculated (Fig. 5) . As observed in Nissl-stained sections, the cerebral cortical volume was significantly smaller in the mutant mouse (Colasante et al. 2015) (Fig. 5A,C,E) . The MRIs also revealed the corpus callosum and anterior commissure to be significantly reduced in volume, as is also found in patients with various ARX mutations (Proud et al. 1992; Bonneau et al. 2002; Marsh et al. 2009) (Fig. 5A,C-E) . However, analysis of the MRIs also revealed that the amygdala volume was significantly smaller in the mutant mice (Fig. 5E ). The reduction in amygdala volume could be due to loss of inputs, but it is also possible that there are developmental changes to the amygdala in the Arx −/Y Emx1 Cre mice since both Arx and Emx1 are expressed there (Puelles et al. 2000; Medina et al. 2004; Poirier et al. 2004; Remedios et al. 2007 ). To confirm this finding, we counted neurons in the basolateral amygdala in Nissl-stained sections and found that the number of neurons was reduced ( Fig. 6C ; WT = 1118 ± 124 and Mut = 891 ± 152, n = 3 for each; P = 0.01952). Interestingly, the behavioral phenotypes of decreased anxiety and loss of fear memory have been hypothesized to represent amygdala dysfunction (Phillips and LeDoux 1992; Grillon et al. 1996; Tottenham et al. 2010; Schienle et al. 2011) . Combining the MRI volume changes with the loss of cells in the basolateral amygdala suggests that amygdala dysfunction could explain at least part of the Arx −/Y Emx1 Cre behavioral phenotype. Over all, the MRI data are consistent with the hypothesis that the Arx −/Y Emx1 Cre mutant mice have a long-range connectivity defect. Unexpectedly, the thalamus was also significantly smaller in the mutant mice even though the Cre is not expressed in the diencephalon, suggesting a possible corticothalamic connectivity defect (Fig. 5E ) that could contribute to the abnormal behaviors found in these mice.
Discussion
Loss of Arx in dorsal progenitors resulted in structural, functional, and behavioral deficits in the Arx −/Y Emx1 Cre mice. Specifically, we demonstrated that disruption of both local superficial cortical connections, long-range connections between hemispheres and within limbic regions results in a hyperactive and less anxious mouse that socializes poorly. By comparing the deficits in the Arx −/Y Emx1 Cre mice with those of the previous Arx mutant mice and the clinical phenotype of ARX patients, we can begin to shed some insights on the possible function of different cortical regions, connections, and the role of seizures in various behaviors seen in the Arx/ARX mice and possibly patients.
The pattern of behaviors and lack of seizures observed in the Arx −/Y Emx1 Cre mice was somewhat surprising given the prototypical phenotype of ARX patients; intractable seizures and intellectual disability. The results of the behavioral studies were interpreted with reference to the anatomical and cellular changes observed as well as the phenotype of the other Arx models that have been generated. The anatomical changes in the mice recapitulated, to a degree, the findings in the germline deletion of Arx created by the Kitamura Laboratory. Both the Arx knock-out and our Arx −/Y Emx1 Cre animals developed a thin cortex due to decreased cortical progenitor proliferation during development (Kitamura et al. 2002) . Both our previous work (Colasante et al. 2015) and that of others (Friocourt et al. 2008) demonstrated that this was primarily due to a loss of proliferation of cortical progenitor cells. The thin cortex, in the Arx −/Y Emx1 Cre , was primarily due to the animals specifically missing superficial layer neurons, whereas deeper layer neurons were predominately spared (Colasante et al. 2015) . Most importantly, unlike the germline mutant mice, Arx
Cre mice do not die at a young age allowing for the complete behavioral characterization that we performed. The social abilities of mutant and wild-type mice were assessed using the social choice test. The time spent in the novel mouse section (social), the center of the box, and the novel object section (nonsocial) were compared using a two-way ANOVA. The mutant mice spent significantly less time in the social section of the box than their wild-type littermates did (time spent in social section: WT = 142.07 ± 8.54 s, n = 15 and Mut = 111.37 ± 4.28 s, n = 18; P < 0.001). (B) The mutant mice spent significantly less time sniffing the novel mouse tube than their wild-type littermates did, compared with the object tube (sniffing: WT = 4.53 ± 0.80, n = 15 and Mut = 2.15 ± 0.18, n = 18; P = 0.01379). The mutant mice also entered the social section of the box few times when compared with the nonsocial section than their wild-type littermates did (entries: WT = 2.97 ± 0.50, n = 15 and Mut = 1.44 ± 0.14, n = 18; P = 0.00952). (C) To assess the olfactory ability of the mice, the buried food test was used. If the mice have normal olfactory abilities, they should be able to find the Froot Loop buried in the bedding. Both the mutant mice and their wild-type littermates were equally capable of finding the Froot Loop (WT = 143.38 ± 34.86 s and Mut = 242.13 ± 79.60 s, n = 8 for each; P = 0.2834). Error bars are SE.
We hypothesize that the Arx −/Y Emx1 Cre mice survive because of a lack of seizures (Fig. 1A) and intact olfaction allowing for normal feeding behaviors when young. Consistent with a lack of seizures, Arx −/Y Emx1 Cre mice do not have a loss of interneurons in their cortices (Fig. 1B ) and may have an increased level of inhibition due to the reduction in cortical size, but preserved numbers of interneurons. Therefore, we wanted to examine the behavioral phenotype of these mice to determine the impact on cortical functioning of isolated loss of upper layer neurons, without the complicating factors of interneuron loss and seizures as found in all other Arx mutant mice models.
Comparing the behavioral profiles of the Arx −/Y Emx1 Cre mice with the other Arx mutant mouse lines revealed a few interesting insight into the possible function of specific brain circuits and regions. The Arx −/Y Emx1 Cre animals had normal learning and memory in the Morris water maze and fear-conditioning paradigms ( Fig. 2A-E ), which all had some degree of spatial learning or fear-conditioning deficit (Kitamura et al. 2009; Price et al. 2009 ).
In contrast to the differences between the Arx −/Y Emx1 Cre mice and the other Arx mutant mouse lines in learning and memory tasks, all the Arx mutant mouse lines had some disturbance in handling of stressful stimuli (anxiety behaviors). The
Cre mice registered less anxiety-like behavior and were hyperactive (Fig. 3A,B) ; similar to the Arx (GCG)10+7 mice (Price et al. 2009 ). The other Arx mutant mice (Arx (GCG)7/Y and Arx PL/Y mice) also exhibited abnormal anxiety-like behaviors, but were more anxious in the same tests (Kitamura et al. 2009 ).
Analysis of social deficits and stereotypies in the different Arx mutant mouse lines was also consistent with our Arx −/Y Emx1 Cre mice having social deficits in the social choice test (Fig. 4A) , which matched the Arx (GCG)10+7 line (Price et al. 2009 ). All together, the interpretation of the differences and similarities of these behaviors in multiple lines revealed that loss of interneurons, presence of seizures, and/or the interaction with cortical layer dysfunction is sufficient to generate a learning deficit. In contrast, only having abnormal layer 2-3 structure and the resultant absence of local and long-range projection pathways are sufficient for anxiety, social, and activity defects.
Cortical and subcortical structure and major projection pathways were further evaluated in the Arx −/Y Emx1 Cre mice. The Arx −/Y Emx1 Cre mice were found to have decreased cerebral cortical and amygdala volumes by MRI as well as severely diminished interhemispheric tracts (callosum and anterior commissure). The cortical volume deficits are presumably due to the previously described substantial reduction in the layer 2-3 neuronal population (Colasante et al. 2015) . The layer 2-3 changes are consistent with the loss of the local and (Kitamura et al. 2002 (Kitamura et al. , 2009 Price et al. 2009 ). We postulate that each mutation differentially alters Arx binding resulting in separate effects on developing cortical and subcortical progenitors with an end result of seizures but an intact CC in the knock-in and interneuron deletion models, no seizures but ACC in the Arx −/Y Emx1 Cre line, and both seizures and ACC in the complete knock-out. The differential effect on Arx binding, therefore, likely explains the genotype-phenotype correlation observed in humans. This finding of ACC in some of the mouse lines but not others recapitulates that the human condition as ACC has also been documented in some ARX patients with XLAG or Proud syndrome and heterozygous females but not all patients (Proud et al. 1992; Bonneau et al. 2002; Marsh et al. 2009 ). Interestingly, there is no clear relationship between the presence of a normal corpus callosum and the extent of cognitive disabilities.
In addition to adding insights into the possible structurefunction relationships that the Arx −/Y Emx1 Cre mice provide, an interpretation of the role of seizures in generating behaviors can be hypothesized. Indeed, neurologists have questioned the ultimate role of seizures in generating the cognitive deficits in their patients (Shinnar and Hauser 2002; Hamiwka and Wirrell 2009; Hermann et al. 2009 ). The absence of seizures in the Arx −/Y Emx1 Cre mice demonstrated that the mice still have altered anxiety, hyperactivity, and social deficits a core set of symptoms reminiscent of patients with mild ARX phenotypes. As patients do not have loss of ARX from a subset of cells, the human condition is clearly more complex; however, our studies imply that at least some behaviors (i.e., alterations in anxiety, hyperactivity, and social deficits) are unrelated to the epilepsy. Indeed, some of the "mild" ARX patients reported are without seizures but with cognitive and social deficits (Turner et al. 2002) .
The recordings that demonstrated a lack of seizures also revealed differences in the frequency composition of the EEG between the Arx −/Y Emx1 Cre and wild-type mice. The slow background and an increase in Delta activity in the mutant mice are reminiscent of the EEG findings in many children with a diffuse encephalopathy, including children with ARX mutations. Though nonspecific, a slow EEG background suggests diffuse brain dysfunction as might be expected in a cortical layer defect (Pedley 1980 (Marsh et al. 2009 ). This difference supports the notion that interneurons and subcortical structures are necessary for the generation of Theta and Gamma oscillations, and local cortical networks are not (Bragin et al. 1995; Whittington et al. 2011) .
Overall, the Arx −/Y Emx1 Cre mouse line with the other conditional and mutant Arx mice that have been generated offers an opportunity to dissect apart a complex circuit to look for local circuit or regional connections that are necessary or sufficient for the generation of complex behaviors. We acknowledge at the onset that this is a difficult endeavor as any one change in a developing system alters the others, and that both cognitive and social behaviors are complex tasks that involve the function of networks, not just cortical regions and layers. With those caveats in mind, our findings suggest an important role for superficial cortical regions and the amygdala, in the generation of a hyperactive, anxiolytic, anti-social phenotype.
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